Introduction
============

Most women of reproductive age may feel more physiological and/or emotional discomfort in the week before the menses. These symptoms can vary between individuals and have the potential to affect work, personal life, and place additional stress on a relationship.[@b1-ndt-13-1597],[@b2-ndt-13-1597] In all, 30%--40% of women of reproductive age suffer from the more severe premenstrual syndrome (PMS) and 3%--8% suffer from premenstrual dysphoric disorder (PMDD), which is the more serious variant of PMS.[@b3-ndt-13-1597] The symptoms of PMS cover emotion, physiology, and behavioral fields and can be related to the menstrual cycle. These symptoms typically occur in the premenstrual or luteal phase of the menstrual cycle and tend to vanish in or near the end of the cycle.[@b4-ndt-13-1597] The exact etiology of PMS is unknown, but it may be related to hormone variations.[@b5-ndt-13-1597] Some theories state that PMS is not caused by abnormal concentration of gonadal steroids but more likely by variations in levels of the sex hormones. The differences between women with and without PMS may also be explained by increased sensitivity to variations in levels of sex hormones.[@b6-ndt-13-1597] Moreover, some studies showed that the onset and course of PMS are related to stress.[@b7-ndt-13-1597]

The variations in hormone levels across the menstrual cycle cause an increase in negative emotions in women and can influence mood regulation and sensitivity to stress.[@b8-ndt-13-1597],[@b9-ndt-13-1597] Specifically, women have stronger responses to stressors before the menstruation or in the luteal phase, which may increase the risk for negative emotions or moods, suggesting stress may strengthen PMS symptoms.[@b10-ndt-13-1597] Lustyk et al[@b11-ndt-13-1597] made a distinction between a "high symptom" group and a "low symptom" group in women with PMS (N=114) on the severity of PMS symptoms. Their results showed that, compared with low symptom group, the high symptom group reported more stressful experiences. Previous studies have also found that stressful experiences of women with PMDD before the menses were mainly related to a higher stress sensitivity.[@b12-ndt-13-1597],[@b13-ndt-13-1597]

Although the abovementioned studies investigated the relationship of menstrual cycle, PMS, and stress, the results are inconclusive. A major issue was the lack of a comparison between the stress reactivity of women suffering from PMS and healthy controls, in confronting the same physiological and psychological stressors. In addition, the measurements of stress reactivity in the foregoing studies were based on the subjective reports by the participants themselves, which lack objective neural and physiological indexes.

Therefore, the present study adopted an electroencephalogram (EEG) stress evaluation test, a physiology stress evaluation test, and the positive affect and negative affect scale (PANAS) to investigate the stress reactivity pattern and emotional state of women with PMS and healthy controls. Based on the previous research,[@b2-ndt-13-1597] we hypothesize that women with PMS may have more subjective concerns as well as abnormal neural activity and physiological reactivity under stressful conditions, when compared with healthy controls.

Methods
=======

Ethics
------

All participants provided written informed consent before participating in the study. Experimental procedures were approved by the institutional review board of the State Key Laboratory of Cognitive Neurosciences and Learning of Beijing Normal University.

Participants
------------

Before the experiment, a gynecological examination and B-mode ultrasonic echo were conducted on participants to eliminate other disorders and disease, as well as confirm the absence of past surgery. As such, it was confirmed that the participants were healthy. We also used PMS scales[@b14-ndt-13-1597] and self-compiled historic information (may contain retrospective recall biases) on the women's menstrual cycles to screen and group the 86 participants. The participants were recruited via flyers in the university and the campus network. Exclusion criteria consisted of being currently pregnant or lactating, taking oral contraceptives, receiving medical treatment of any kind, taking medicine that could affect stress reactivity, having a personality disorder, clinical anxiety, depression, and abnormal psychological syndrome, or having irregular menstrual cycles.

Prospective self-reports about the start of the menses were combined with primary gynecological examination and B-ultrasonic wave results, to schedule the experiment. According to the individual physical character of the participants' menstrual cycle and the hormone levels, all participants (both the PMS and control group) were tested twice; once in the luteal phase (1--3 days before the menstruation) and once in the follicular phase (1--3 days after the menstruation). The final sample was composed of 30 participants (22±2.19 years old), of whom 15 females were in the PMS group and 15 females were in the healthy control group. The demographic information of participants is shown in [Table 1](#t1-ndt-13-1597){ref-type="table"}.

Materials
=========

PMS scale
---------

The PMS scale consisted of 12 items that are related to emotional and physical symptoms and gave the degree of severity of PMS.[@b14-ndt-13-1597] The items were scored on a four-point scale, with 0 as "no symptoms" and 3 as "symptoms seriously affecting life, study and work, needing treatment". Total scores \>6 indicated the presence of PMS. The Chinese version of the PMS scale had good reliability and validity.[@b15-ndt-13-1597]

PANAS
-----

The PANAS includes 20 items that are divided equally into positive and negative affect dimensions. Participants indicate how much a statement applies to them using a 5-point Likert scale, where 1 represents "none" and 5 "very much".[@b16-ndt-13-1597] Summing the items in the two categories generates the "positive affect score" and the "negative affect score". As such, the scores of positive affect and negative affect range from 10 to 50. Both the validity and reliability of the PANAS are well established and considered to be effective tools for the evaluation of emotional state.[@b17-ndt-13-1597]

Electroencephalogram and physiological stress evaluation tests
--------------------------------------------------------------

An Infiniti3000A (ProComp Infiniti; Thought Technology, Montreal, Canada) biofeedback system (including computer, Bioneuro Infiniti encoder, EEG electrodes, and physiological sensors) was used to conduct the electroencephalogram stress evaluation test and the physiology stress evaluation test.

The Infiniti3000A was used with a unipolar EEG electrode to conduct the EEG stress evaluation test, which uses three leads: one disk electrode, one ear clip reference electrode, and one ear clip ground electrode. The disk electrode was set at Cz, according to the international 10--20 electrode system. The "10" and "20" refer to the fact that the actual distances between adjacent electrodes are either 10% or 20% of the total front--back or right--left distance of the skull. The EEG stress evaluation tests included a baseline test, an attention test, and a cognition test. The EEG sensor recorded the analog EEG signal and converted it to a digital signal for analysis. The main EEG parameter used was the alpha wave amplitude (8--13 Hz, amplitude 20--100 μV), which is related to the relaxed mental state.

Physiological stress was recorded through the Infiniti3000A as well, using electromyography (EMG), skin conductance (SC), heart rate (HR), and respiration rate to estimate physiological reactivity. EMG was recorded using the MyoScan-Pro sensor, which is a head-worn unipolar-electrode (including positive, negative, and reference leads) mounted on the middle of the frontal region, on the occipito-frontal muscle. EMG amplitude below 5 μv was interpreted as a relaxed state, while an amplitude between 5 and 15 μv was interpreted as mild tenseness. EMG amplitude above 15 μv was interpreted as high tenseness. The SC sensor electrode was mounted on the tip of the ring finger of the dominant hand. The value of SC below 5 mho was taken to correspond with a relaxed state, while a value between 5 and 10 mho was taken to correspond with mild tenseness. A value between 10 and 20 mho was taken to correspond with tenseness, while a value above 20 mho was taken to correspond with anxiety and high tenseness. HR was recorded using a blood volume pulse sensor (BVP), which was mounted on the tip of the middle finger of the dominant hand. The BVP measures the blood flow through changes in infrared reflection and represents a reliable and stable measure of real-time HR. The HR is 75 bpm for normal adults in a state of relaxation. The respiration sensor (Resp) was placed on the participants' abdomen.

The physiological stress evaluation test battery consisted of a baseline measurement, the color-word test, the first rest interval, the math test, the second rest interval, the stress event recall test, third, and final rest intervals. We computed the baseline test value and the values of the rest intervals for the evaluation of physiological stress reactivity. The baseline test value represents the baseline of stress reactivity, which belongs to the first stage of stress reactivity. The values of the first rest interval represent the effects of the color-word test on the physiology. The values of the second rest interval represent the effects of the math test. By combining, these values belong to the second stage of stress reactivity. The values of the third rest interval represent the effect of the stress event recall test on the physiology and were also used as the index of stress resilience, which is the third stage of stress reactivity.

Procedure
=========

To provide a comfortable and stable testing environment, the testing room was kept clean, well ventilated, and dimly lit. Before the experiment, the participants filled in informed consent forms, as well as the PANAS. Before the connection of biofeedback equipment, the participants were presented with the operating principle of the biofeedback machine and the used methods. After the connection of the equipment, the participants were asked to sit in a comfortable manner and relax. The EEG stress evaluation test included three stages. The first stage was 2 minutes of baseline resting EEG. The second stage was a 3-minute attention test, and the third stage was a 3-minute cognition test. There were instructions between stages to guide the participants into the next stage. The EEG was recorded for each stage. The total time of the EEG stress evaluation test was 15 to 20 minutes. Next, the physiological stress evaluation test was carried out, which included seven stages. The first stage was the baseline stage, which lasted for 2 minutes. The second stage was the color-word test, which lasted for 3 minutes. The third stage was the first rest interval, which lasted for 2 minutes. The fourth stage was the math test, which lasted for 3 minutes. The fifth stage was the second resting interval, which lasted for 2 minutes. The sixth stage was the stress recall test which lasted for 3 minutes, and the last stage was the third resting interval, which lasted for 2 minutes. The total time of the physiology stress evaluation test was 20 to 30 minutes. The specific procedure is shown in [Figure 1](#f1-ndt-13-1597){ref-type="fig"}.

Data analysis
=============

All the statistics were conducted using SPSS 16.0 software. Specifically, mixed-factor analyses of variance (ANOVAs) were performed on the EEG alpha activity, and physiology data of the physiological stress evaluation test. The within-subject variable was the TEST ("resting, attention, and cognition tests" for EEG alpha activity; "baseline, rest 1, rest 2, and rest tests for physiology data"), whereas the between-subject variable was GROUP (PMS vs control group). The PHASE (luteal and follicular phases) was the covariate.

Results
=======

The positive affect and negative affect of PMS and control groups
-----------------------------------------------------------------

Independent sample *t*-tests were conducted for the PANAS scores for women with PMS and healthy control separately. The results showed that there were significant differences in the positive affect (*t*~28~=−1.782, *P*=0.086, *d*=−0.65) and negative affect (*t*~28~=1.852, *P*=0.080, *d*=0.68) between these two groups. Compared with the healthy controls the women with PMS had a lower score for positive affect ([Figure 2](#f2-ndt-13-1597){ref-type="fig"}).

The EEG stress evaluation test results of PMS and control groups
----------------------------------------------------------------

The results indicated that the main effect of GROUP (*F*~(1,27)~=18.765, *P*\<0.001, *η*^2^=0.410) on alpha activity was significant. The main effect of TEST (*F*~(2,54)~=1.138, *P*=0.328, *η*^2^=0.040) on alpha activity was not significant. However, the interaction of GROUP and TEST on alpha activity was significant, *F*~(2,54)~=3.562, *P*=0.035, *η*^2^=0.117. Post hoc analysis of the significant interaction revealed that the alpha activity of PMS group under rest (*F*~(1,28)~=25.85, *P*\<0.001), attention test (*F*~(1,28)~=14.10, *P*=0.001), and cognition test (*F*~(1,28)~=10.06, *P*=0.04) was higher than the control group ([Figure 3](#f3-ndt-13-1597){ref-type="fig"}).

The physiological stress evaluation test results of PMS and control groups
--------------------------------------------------------------------------

The results showed that the main effects of GROUP on EMG, HR, and SC were not significant (*F~EMG~*~(1,27)~=0.098, *p~EMG~*=0.756, *η*^2^*~EMG~*=0.004; *F~BVP~*~(1,27)~=1.991, *p~BVP~*=0.170, *η*^2^*~BVP~*=0.069; *F~SC~*~(1,27)~=0.026, *p~SC~*=0.872, *η*^2^*SC*=0.001). The main effects of TEST on EMG, HR, and SC were also not significant (*F~EMG~*~(3,81)~=1.631, *p~EMG~*=0.189, *η*^2^*~EMG~*=0.057; *F~BVP~*~(3,81)~=1.488, *p~BVP~*=0.224, *η*^2^*~BVP~*=0.052; *F~SC~*~(3,81)~=1.918, *p~SC~*=0.133, *η*^2^*~SC~*=0.066). And the interaction of GROUP and TEST on EMG, HR, and SC was not significant either (*F~EMG~*~(3,81)~=1.428, *p~EMG~*=0.241, *η*^2^*~EMG~*=0.050; *F~BVP~*~(3,81)~=0.564, *p~BVP~*=0.640, *η*^2^*~BVP~*=0.020; *F~SC~*~(3,81)~=0.488, *p~SC~*=0.692, *η*^2^*~SC~*=0.018).

However, the main effect of GROUP on respiration rate was significant, *F*~(1,27)~=4.132, *P*=0.052, *η*^2^=0.133. The main effect of TEST on respiration rate was significant, *F*~(3,81)~=8.681, *P*\<0.001, *η*^2^=0.243, and the interaction of GROUP and TEST was also significant, *F*~(3,81)~=3.224, *P*=0.027, *η*^2^=0.107. Post hoc analysis found that the respiration rates of PMS group during rest interval 1 (*F*~(1,28)~=4.06, *P*=0.054) and rest interval 2 (*F*~(1,28)~=4.29, *P*=0.049) were significantly lower than the control group ([Figure 4](#f4-ndt-13-1597){ref-type="fig"}).

Discussion
==========

The present study investigated the differences in neuro-physiological reactivity and emotional state to stressors in women with PMS compared with healthy controls. As expected, we found that compared with healthy controls, the women with PMS had higher negative affect and lower positive affect. In addition, under stressful conditions, compared with healthy controls, women with PMS had a more pronounced EEG alpha activity and lower respiration rates. The menstrual cycle (luteal and follicular phases) was used as the covariate in the analyses. In other words, compared with healthy females, women suffering from PMS had a continuous abnormality in emotional state and stress reactivity, which was independent of the menstrual cycle. Specifically, the women had a lower positive affect and a higher negative affect, together with stronger alpha wave activity, as well as an inhibition of the physiological response (lower respiration rate) when confronted with stressors.

Ossewaarde et al[@b18-ndt-13-1597] investigated the neural mechanism of stress sensitivity interactions with the menstrual cycle and found that the natural fluctuation of allopregnanolone may influence females' stress sensitivity. Since women with PMS are more sensitive to allopregnanolone fluctuations, they would show increased stress sensitivity and reactivity when compared with healthy controls. This may explain the more pronounced EEG alpha activity, which we observed in women with PMS. The relationship between sensitivity to sex hormones and the stress reactivity of women with PMS is also supported at the neural level. The fact that function and even the anatomy of the amygdala are regulated by sex hormones has been extensively proven.[@b8-ndt-13-1597],[@b19-ndt-13-1597],[@b20-ndt-13-1597] The amygdala is involved with detection of potential threats and responses to anger and fear stimuli and is activated in "fight or flight" behavior, as well as involved in the stress reactivity system.[@b21-ndt-13-1597] As the amygdala has been implicated in the generation or maintenance of activity in the alpha spectrum, and in this study, we show increased alpha activity as well, it would follow that the amygdala is involved in the generation or maintenance of PMS.

We observed that, compared with healthy controls, women with PMS have lower respiration rates after the color-word and math tests. This showed that women with PMS were more physiologically affected by the stress tests. Women with PMS lack the flexibility to stimulate their physiological resources, which results in an increase in respiratory rate to stressors when compared with healthy controls. So, the lower respiration rate of women with PMS can reflect more "inhibition" of physiological stressors. We did not get the fast rise of HR in PMS groups, as in a study using the Trier Social Stress Test (TSST),[@b22-ndt-13-1597] because this needs more involvement of the participants and social interaction.[@b23-ndt-13-1597] In contrast, our stress test involved mainly cognitive loads. Moreover, women with PMS have a distinctly different stress reactivity pattern compared with the control group, which means their stress coping mechanism is possibly incomparable.

The present study demonstrated that, compared with healthy controls, women with PMS experience more negative affect and less positive affect and also show a more pronounced alpha activity as well as lower respiration rates after being exposed to stressful conditions. These effects were independent of the menstrual cycle, which meant that continuous and permanent changes have occurred in women with PMS. However, the study may be underpowered to assess significant differences due to low sample size.
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###### 

Sociodemographic characteristics (mean ± SD) of both groups (PMS and control groups)

                                PMS                Control
  ----------------------------- ------------------ ------------------
  N                             15                 15
  Age (years)                   23±1               22±2
  Menophania (years)            13±1               13±1
  The phase of MC in pretest    9 in LP, 6 in FP   6 in LP, 9 in FP
  The phase of MC in posttest   7 in LP, 8 in FP   7 in LP, 8 in FP
  Cycle length (days)           29±2               28±3

**Note:** LP: 1--3 days before the menstruation and FP: 1--3 days after the menstruation.

**Abbreviations:** PMS, premenstrual syndrome; MC, menstrual cycle; LP, luteal phase; FP, follicular phase.
